Abstract: NOAA's National Ocean Service is upgrading three existing northern Gulf of Mexico (GOM) operational nowcast/forecast systems (OFS) by integrating them into one single system (INGOFS) and developing additional domain coverage to encompass the lower Mississippi River, Lake Pontchartrain, Texas coastal embayments, and Mexican coastal waters. The system will produce real-time nowcast and short-range forecast guidance for water levels, 3-dimensional currents, water temperature, and salinity. INGOFS will be implemented using the Finite Volume Community Ocean Model (FVCOM). This paper describes the model configuration and results from a one-year (2 August 2016-1 August 2017) hindcast simulation. The model grid is composed of about 300,000 nodes and 600,000 elements, and has a spatial resolution ranging from 45 m near the coast to around 10 km on the open ocean boundary. It uses the FVCOM wetting and drying feature, the quadratic bottom friction scheme, and the two-equation model of the Mellor-Yamada Level 2.5 turbulence closure scheme. The hindcast results of water levels, surface temperatures, and salinity were verified by comparing the model time series with in situ observations. The root-mean-squared errors are about 0.08 m for water levels, about 1.1 • C for temperatures, and about 3.7 psu for salinity. The hindcast configuration will be further tested in a nowcast/forecast environment for a one-year period. The upgraded system is anticipated to be in operational production in mid-2020.
Introduction
Coastal waters of the northern Gulf of Mexico (NGOM) encompass broad coastal regions spanning from the coast of Mexico in the west to the U.S. Gulf Coast in the northwest, north, and northeast ( Figure 1 ). The hydrodynamic states in the region are governed by fresh water inflows from river discharge, off shelf dynamics, wind forcing and heat flux across the air-sea interface, and tidal fields [1] [2] [3] [4] [5] [6] . The coastal circulation field is characterized by the combined seasonal buoyancy-driven coastal currents and by intrusions onto the shelf of the Loop Currents. Cross-shelf exchanges via mixing are driven by episodic wind events and by intrusions onto the shelf of the Loop Currents. River runoff onto the shelf is highly variable. Both the Atchafalaya River and the Mississippi River flow onto the Louisiana shelf, with a combined annual average discharge of over 14,000 m 3 /s [7] . The major portion of this runoff flows westward onto the west Louisiana shelf and the remaining portion flow The eastern and western NGOM, divided by the Mississippi River delta, demonstrate distinctive circulation features [7, 8] . A large, semi-permanent, cyclonic surface gyre exists in the eastern NGOM [5, 9, 10] . This gyre branches into two flows: a northward flow following the western rim of the De Soto Canyon, and a southeastward flow along the Florida Shelf break. Both the weather band (2-10 days) wind-driven currents and sea level fluctuations are strong in the winter when the eastern shelf is influenced by a series of cold fronts from the north. The Loop Currents extrude water onto the shelf in the DeSoto Canyon ( Figure 1 ) and thus, directly modulate the local density and circulation fields.
Circulation in the western NGOM is influenced largely by river discharge induced buoyancy forcing and by the regional wind field [11] [12] [13] . The combined effect of the buoyancy flux and the easterly wind stress produces a yearly mean westward coastal circulation along the Louisiana-Texas coast. The flow field is highly modulated by wind field fluctuations. Over the inner shelf, currents are predominantly modulated by winds in the weather band, while the outer shelf currents are driven primarily by mesoscale activity [14, 15] . Using the Regional Ocean Modeling System (ROMS), Zhang et al. [13] studied the effects of wind forcing on the dynamics of buoyancy circulation over the Louisiana-Texas shelf. They identified that in the winter and fall, under the impact of the prevailing down coast wind, most of the interior water was dominated by a geostrophic balance in the crossshore momentum budget. In the spring and summer, the Ekman flow, driven by strong onshore wind, played a major role in modulating the circulation fields. The eastern and western NGOM, divided by the Mississippi River delta, demonstrate distinctive circulation features [7, 8] . A large, semi-permanent, cyclonic surface gyre exists in the eastern NGOM [5, 9, 10] . This gyre branches into two flows: a northward flow following the western rim of the De Soto Canyon, and a southeastward flow along the Florida Shelf break. Both the weather band (2-10 days) wind-driven currents and sea level fluctuations are strong in the winter when the eastern shelf is influenced by a series of cold fronts from the north. The Loop Currents extrude water onto the shelf in the DeSoto Canyon ( Figure 1 ) and thus, directly modulate the local density and circulation fields.
Circulation in the western NGOM is influenced largely by river discharge induced buoyancy forcing and by the regional wind field [11] [12] [13] . The combined effect of the buoyancy flux and the easterly wind stress produces a yearly mean westward coastal circulation along the Louisiana-Texas coast. The flow field is highly modulated by wind field fluctuations. Over the inner shelf, currents are predominantly modulated by winds in the weather band, while the outer shelf currents are driven primarily by mesoscale activity [14, 15] . Using the Regional Ocean Modeling System (ROMS), Zhang et al. [13] studied the effects of wind forcing on the dynamics of buoyancy circulation over the Louisiana-Texas shelf. They identified that in the winter and fall, under the impact of the prevailing down coast wind, most of the interior water was dominated by a geostrophic balance in the cross-shore momentum budget. In the spring and summer, the Ekman flow, driven by strong onshore wind, played a major role in modulating the circulation fields.
Tides in the NGOM region are modest [4] , with either diurnal or mixed characteristics. The mean tidal amplitude ranges from several centimeters to less than 0.5 m. The strongest tidal currents are usually less than 15 cm/s. Using both mathematical analysis and one-dimensional water column numerical simulation, Burchard and Hetland [16] quantified the impact of tidal straining on the estuarine circulations. They found that without wind forcing and river inflows, tidal straining is responsible for about two-thirds of the estuarine circulation, while gravitational circulation is responsible for the remaining one-third.
The Gulf Coast is an area of active economic and recreational activities. The hydrographic and hydrodynamic states demonstrate significant impacts on the local ecosystem and daily human life. Operational hydrodynamic forecasting is of vital importance in support of harmful algal bloom (HAB) forecasts, marine navigation, emergency response, and the environmental management communities.
The National Oceanic and Atmospheric Administration (NOAA) currently has three operational oceanographic nowcast/forecast systems (OFS) for the NGOM region. These three OFS are the Northern Gulf of Mexico OFS (NGOFS), the nested northwest Gulf of Mexico OFS (NWGOFS), and the nested northeast OFS (NEGOFS) (https://tidesandcurrents.noaa.gov/ofs/ngofs/ngofs.html). The systems all use the Finite Volume Community Ocean Model (FVCOM) [17] as the core hydrodynamic model. They each produce eight-hour nowcasts and up to 48-hour forecast guidance of water levels, three-dimensional (3-D) currents, temperatures, and salinity fields. The three systems differ in their domain coverage, model grid resolution, and in their methods of applying open ocean boundary forcing [18, 19] . Figure 2a depicts the domain of each system. Table 1 lists the size and spatial resolution of each model grid. The NGOFS domain spans the northern Gulf of Mexico coastal shelf from South Padre Island, Texas in the west to west of Panama City, Florida in the east. It lacks coverage of many alongshore estuaries and embayments and does not resolve fine coastline features. NWGOFS and NEGOFS were developed to partially resolve the NGOFS' limitations. Both NWGOFS and NEGOFS have higher spatial resolutions than NGOFS. NWGOFS covers Lake Charles, Sabine-Neches, Galveston, and Matagorda Bay, whereas NEGOFS covers Mobile Bay, Pascagoula, and the Gulfport area.
Tides in the NGOM region are modest [4], with either diurnal or mixed characteristics. The mean tidal amplitude ranges from several centimeters to less than 0.5 meter. The strongest tidal currents are usually less than 15 cm/s. Using both mathematical analysis and one-dimensional water column numerical simulation, Burchard and Hetland [16] quantified the impact of tidal straining on the estuarine circulations. They found that without wind forcing and river inflows, tidal straining is responsible for about two-thirds of the estuarine circulation, while gravitational circulation is responsible for the remaining one-third.
NWGOFS NEGOFS

NGOFS
(a) Figure 3 shows the diagram to illustrate the conceptual structure, forcing data inputs, system operations, analysis, and the archive of model outputs. The Center for Operational Oceanographic Products and Services (CO-OPS) implemented the OFS on the Weather and Climate Operational Supercomputing System (WCOSS), which is operated by the National Centers for Environmental Prediction (NCEP), Central Operations (NCO), of NOAA. The system runs make use of NCEP's North American Mesoscale (NAM) outputs for the atmospheric forcing, and the U.S. Geological Survey (USGS) river discharge for the river forcing. The water levels, currents, water salinity, and water temperatures used by NGOFS for open boundary conditions (OBC) are generated from NCEP's Global Real-Time Ocean Forecast System (G-RTOFS). The NEGOFS/NWGOFS OBC are taken from the NGOFS outputs via a one-way nesting approach [19] . The native formats of the forcing files are different from those required by FVCOM. The OFS (NGOFS, NEGOFS, and NWGOFS) use the Coastal Ocean Modeling Framework (COMF) [20] software package to transform the data sets into Network Common Data Form (NetCDF) files with data structures that conform to FVCOM requirements. Using the Continuous Operational Real-Time Monitoring System (CORMS) (https://tidesandcurrents.noaa.gov/corms.html), CO-OPS and NCO team up to monitor and log the system operations on a 24×7 basis. Figure 3 shows the diagram to illustrate the conceptual structure, forcing data inputs, system operations, analysis, and the archive of model outputs. The Center for Operational Oceanographic Products and Services (CO-OPS) implemented the OFS on the Weather and Climate Operational Supercomputing System (WCOSS), which is operated by the National Centers for Environmental Prediction (NCEP), Central Operations (NCO), of NOAA. The system runs make use of NCEP's North American Mesoscale (NAM) outputs for the atmospheric forcing, and the U.S. Geological Survey (USGS) river discharge for the river forcing. The water levels, currents, water salinity, and water temperatures used by NGOFS for open boundary conditions (OBC) are generated from NCEP's Global Real-Time Ocean Forecast System (G-RTOFS). The NEGOFS/NWGOFS OBC are taken from the NGOFS outputs via a one-way nesting approach [19] . The native formats of the forcing files are different from those required by FVCOM. The OFS (NGOFS, NEGOFS, and NWGOFS) use the Coastal Ocean Modeling Framework (COMF) [20] software package to transform the data sets into Network Common Data Form (NetCDF) files with data structures that conform to FVCOM requirements. Using the Continuous Operational Real-Time Monitoring System (CORMS) (https://tidesandcurrents. noaa.gov/corms.html), CO-OPS and NCO team up to monitor and log the system operations on a 24 × 7 basis. Three OFS produce six hours of nowcast, and up to 48 hours of forecast guidance, for water levels and three-dimensional currents, water temperatures, and salinity four times a day at 0300, 0900, 1500 and 2100 UTC. Both the hourly field and the 6-minute station (at locations with available observed data) NetCDF outputs are archived and disseminated at the Linux data tank (https://opendap.co-ops.nos.noaa.gov/netcdf/) of the National Ocean Service (NOS). In addition, COMF generates time series plots of station outputs (24-hour nowcast and 48-hour forecast), which include water levels, currents, temperatures, salinity, and surface winds. These outputs are depicted in both contour and vector map plots. Additional graphics include the animation of water levels, currents, temperatures, salinity, and surface winds. The graphics are published through the NOS operational forecast system (OFS) webpage at (https://tidesandcurrents.noaa.gov/ofs/ngofs/ngofs.html). To ensure a high level of model skill, CO-OPS validates the model performance each month by comparing the time series of station outputs with observed data using the NOS skill assessment software [21] , which generates model skill reports.
In recent years, the Gulf Coast user community has proposed a growing need for forecast guidance in the NGOFS areas not covered by the three existing OFS. A short list of these areas include the lower Mississippi River course, Lake Pontchartrain, various Texas coastal embayments, Mexican coastal waters, etc. (Figure 1) . From an operational point of view, it is more efficient to operate and maintain one combined system, rather than three separate systems. To fulfill user needs and to foster the system's operational efficacy, NOAA decided to combine the three existing OFS into one integrated system. The domain of this new system includes the combined domains of the three existing OFS, as well as the previously unresolved coastal embayments and river courses. Three OFS produce six hours of nowcast, and up to 48 hours of forecast guidance, for water levels and three-dimensional currents, water temperatures, and salinity four times a day at 0300, 0900, 1500 and 2100 UTC. Both the hourly field and the 6-minute station (at locations with available observed data) NetCDF outputs are archived and disseminated at the Linux data tank (https://opendap.coops.nos.noaa.gov/netcdf/) of the National Ocean Service (NOS). In addition, COMF generates time series plots of station outputs (24-hour nowcast and 48-hour forecast), which include water levels, currents, temperatures, salinity, and surface winds. These outputs are depicted in both contour and vector map plots. Additional graphics include the animation of water levels, currents, temperatures, salinity, and surface winds. The graphics are published through the NOS operational forecast system (OFS) webpage at (https://tidesandcurrents.noaa.gov/ofs/ngofs/ngofs.html). To ensure a high level of model skill, CO-OPS validates the model performance each month by comparing the time series of station outputs with observed data using the NOS skill assessment software [21] , which generates model skill reports.
In recent years, the Gulf Coast user community has proposed a growing need for forecast guidance in the NGOFS areas not covered by the three existing OFS. A short list of these areas include the lower Mississippi River course, Lake Pontchartrain, various Texas coastal embayments, Mexican coastal waters, etc. (Figure 1) . From an operational point of view, it is more efficient to operate and maintain one combined system, rather than three separate systems. To fulfill user needs and to foster the system's operational efficacy, NOAA decided to combine the three existing OFS into one integrated system. The domain of this new system includes the combined domains of the three existing OFS, as well as the previously unresolved coastal embayments and river courses. Tentatively, it is named the Integrated Northern Gulf of Mexico OFS (INGOFS). Like NGOFS, INGOFS will use FVCOM as its core hydrodynamic model. It is designed to produce a real-time nowcast, and up to 48 hours of forecast guidance for water levels, 3-D currents, water temperatures, and salinity. It is planned to begin operations in mid-2020.
This article describes technical details of the INGOFS development and model configuration, as well as the setup and verification of a one-year (2 August 2016-1 August 2017) simulation. Since the model run was for a historical period, it will be referred to as hindcast in the following. This section introduces background information including the initiative for the system development. Section 2 describes the model hindcast simulation setup. Section 3 describes the observational data used to verify the hindcast results. Section 4 presents the model results. Section 5 discusses the domain-averaged model skill of the water surface temperatures and water levels, and the impact of initial salinity conditions on the model performance. Section 6 states the summary and future plans.
Methods
INGOFS uses the Finite Volume Community Ocean Model (FVCOM) [17] as its core hydrodynamic model. FVCOM is an unstructured grid, finite-volume, three-dimensional, primitive equation ocean circulation model. It uses triangular grids to map the model domain in the horizontal and a terrain-following σ-coordinate in the vertical. The unstructured grid enables an accurate coastal geometric fit. FVCOM is a prognostic model; it is composed of internal and external modes which are computed separately using two split steps. The model uses a second-order finite-volume method to solve the equations of motion by the flux calculation in the integral form of primitive equations. The approach provides an ideal representation of momentum, mass, salt, and heat conservation.
The turbulence parameterization employs the modified Mellor and Yamada level-2.5 turbulence closure model [22] for vertical mixing. The Smagorinsky formulation [23] is used for horizontal mixing. FVCOM was successfully applied to studies of the deep ocean [24] , the continental shelf [25] , and estuaries [26, 27] . A detailed description of FVCOM is available at http://fvcom.smast. In addition to encompassing the combined NGOFS, NWGOFS, and NEGOFS domains, the INGOFS domain also covers the Lower Mississippi River course, Lake Pontchartrain, Barataria Bay, the lower Atchafalaya River, Texas coastal inlets, and a portion of the Mexican coastal waters (Figures 1 and 2 ). From the perspective of grid generation, the INGOFS grid is composed of two parts: the combined NGOFS and NWGOFS/NEGOFS grid, and the newly generated grids for extended coverage. The former includes Lake Charles, Sabine-Neches, Galveston Bay, Matagorda Bay, Mobile Bay, Pascagoula, and Gulfport. The INGOFS bathymetry was populated using NGOFS, NWGOFS/NEGOFS grid bathymetry, the Vertical Datum (VDatum) (https://vdatum.noaa.gov/welcome.html) model grid bathymetry [28] , the NOAA Sounding and Electronic Chart (ENC) bathymetry, and the ADCIRC model grid bathymetry in the Western North Atlantic, Caribbean and Gulf of Mexico ADCIRC Tidal Database (EC2015) [29] . Depending on sources of the INGOFS grid generation and geographical locations, bathymetry was populated in three ways. For any portion of the grid which originated from any of the three existing OFS, the bathymetry remained to be the same as the bathymetry in the source grid. For the remaining portion of the grid in U. S. coastal waters, the bathymetry was populated by linearly interpolating the combined VDatum model grid for the Mississippi River and the New Orleans region [28] , as well as the ENC and sounding bathymetry. Bathymetry of the grid covering Mexican waters was populated by linearly interpolating the EC2015 ADCIRC grid bathymetry. The INGOFS bathymetry was populated using NGOFS, NWGOFS/NEGOFS grid bathymetry, the Vertical Datum (VDatum) (https://vdatum.noaa.gov/welcome.html) model grid bathymetry [28] , the NOAA Sounding and Electronic Chart (ENC) bathymetry, and the ADCIRC model grid bathymetry in the Western North Atlantic, Caribbean and Gulf of Mexico ADCIRC Tidal Database (EC2015) [29] . Depending on sources of the INGOFS grid generation and geographical locations, bathymetry was populated in three ways. For any portion of the grid which originated from any of the three existing OFS, the bathymetry remained to be the same as the bathymetry in the source grid. For the remaining portion of the grid in U.S. coastal waters, the bathymetry was populated by linearly interpolating the combined VDatum model grid for the Mississippi River and the New Orleans region [28] , as well as the ENC and sounding bathymetry. Bathymetry of the grid covering Mexican waters was populated by linearly interpolating the EC2015 ADCIRC grid bathymetry. The INGOFS bathymetry was populated using NGOFS, NWGOFS/NEGOFS grid bathymetry, the Vertical Datum (VDatum) (https://vdatum.noaa.gov/welcome.html) model grid bathymetry [28] , the NOAA Sounding and Electronic Chart (ENC) bathymetry, and the ADCIRC model grid bathymetry in the Western North Atlantic, Caribbean and Gulf of Mexico ADCIRC Tidal Database (EC2015) [29] . Depending on sources of the INGOFS grid generation and geographical locations, bathymetry was populated in three ways. For any portion of the grid which originated from any of the three existing OFS, the bathymetry remained to be the same as the bathymetry in the source grid. For the remaining portion of the grid in U. S. coastal waters, the bathymetry was populated by linearly interpolating the combined VDatum model grid for the Mississippi River and the New Orleans region [28] , as well as the ENC and sounding bathymetry. Bathymetry of the grid covering Mexican waters was populated by linearly interpolating the EC2015 ADCIRC grid bathymetry. Using the above model grid and bathymetry configuration, we conducted a one-year (2 August 2016-1 August 2017) hindcast simulation. The simulation was driven with the complete suite of model forcing data including open ocean boundary forcing of the combined tidal and subtidal water levels and currents. Additional model forcing included 3-dimensional temperatures (T) and salinity (S), river flows, and sea-surface meteorological forcing. The tidal water level harmonics were interpolated using the EC2015 tidal database [29] . Considering the relative importance of various tidal constituents in the model domain, we chose eight major tidal constituents, namely, luni-solar (K 1 ), principal lunar (O 1 ), principal solar (P 1 ), elliptical lunar (Q 1 ), principal lunar (M 2 ), principal solar (S 2 ), elliptical lunar (N 2 ), and luni-solar (K 2 ) to reconstruct the tidal forcing data.
The non-tidal open ocean conditions used the nowcast results from the Global Real-Time Ocean Forecast System (G-RTOFS) [30, 31] . G-RTOFS is run by the National Centers for Environmental Prediction (NCEP) of NOAA. G-RTOFS makes use of the Naval Oceanographic Office's configuration of the 1/12-degree eddy resolving global Hybrid Coordinates Ocean Model (HYCOM) as its core hydrodynamic model. The HYCOM model has horizontal dimensions of 4500 by 3298 and 32 hybrid layers (isopycnals in the deep, isolevel in the mixed layer, and sigma in shallow) in the vertical. The system assimilates in situ profiles of temperature and salinity from a variety of sources, and also assimilates remotely sensed sea-surface temperature (SST), sea-surface height (SSH), and sea-ice concentrations. It runs once a day and produces nowcast and forecast guidance for sea surface values of SSH, SST, and sea-surface salinity (SSS) at three-hour intervals. In addition, it produces full volume parameters (3-dimensional temperature, salinity, currents, and mixed layer depths) at six-hour intervals. The nowcast outputs of three-hourly water levels and six-hourly 3-D currents, temperatures (T) and salinity (S), and non-tidal forcing were spatially interpolated onto the model grid's open ocean boundaries and temporally interpolated throughout the INGOFS hindcast period.
The river forcing used discharge from 29 rivers along the INGOFS land boundary. Table 2 lists the USGS station identifications (IDs) and station names. Some big rivers, with wide cross sections, were resolved through multiple grid nodes. In such cases, river discharge was evenly distributed across the nodes. Discharge from the 29 rivers is distributed over 63 model nodes. Figure 6 shows the river node locations. The river flow data were from the U.S. Geological Survey (USGS) river discharge observations [32] . It is noted that not all USGS river discharge measurements were accompanied by simultaneous water temperature measurements. For the stations without temperature data, the temperature measurements from nearby Center for Operational Oceanographic Products and Services (CO-OPS) stations were used. The salinity was specified to be zero for all 29 rivers.
The hindcast made use of the 6-km resolution forecast guidance from the NOAA National Centers for Environmental Prediction's (NCEP's) North American Mesoscale Forecast Modeling System (NAM) for surface forcing. The INGOFS hindcast was forced with 10-m wind velocity to compute the surface wind stress, and with 2-m surface air temperature and relative humidity. Additional forcing included the total shortwave radiation, downward longwave radiation, the FVCOM bulk formulation to calculate the air-sea momentum, and the Coupled Ocean-Atmosphere Response Experiment (COARE) algorithm [33] to compute heat flux across the air-sea interface.
The hindcast simulation ran from August 2, 2016 to August 1, 2017. It started from a still water state with the water temperature and salinity fields initialized with combined NGOFS, NWGOFS/NEGOFS outputs. The model was configured in 20 sigma layers. It used the FVCOM wetting and drying feature, the quadratic bottom friction scheme, and the two-equation model of the Mellor-Yamada Level 2.5 turbulence closure scheme. The internal model time step was 9 seconds and the external to internal time step split ratio was equal to 3.
Observational Data
The observational data used to verify the model results included water level time series from the National Ocean Service (NOS) CO-OPS water level stations. Temperature data (T) and salinity data (S) from CO-OPS meteorological observation stations, and temperature data from National Data Buoy Center (NDBC) buoys were also included. The water level data were downloaded via the CO-OPS online archive [34] . Table A1 lists the station IDs, names, and station location information.
The T and S data collected from either the CO-OPS or NDBC buoys were downloaded through the NDBC online archive [35] . The observation depths ranged between 0.5 m and 3 m beneath the sea surface.
Please note that every CO-OPS station possesses dual station IDs -one in the CO-OPS naming convention and one in the NDBC naming convention. To be clear, the stations are hereafter referred to only by their NDBC IDs. Tables A1 and A3 show the station IDs, names, and geographical information for temperature and salinity, respectively. The river flow data were from the U.S. Geological Survey (USGS) river discharge observations [32] . It is noted that not all USGS river discharge measurements were accompanied by simultaneous water temperature measurements. For the stations without temperature data, the temperature measurements from nearby Center for Operational Oceanographic Products and Services (CO-OPS) stations were used. The salinity was specified to be zero for all 29 rivers.
The hindcast simulation ran from 2 August 2016 to 1 August 2017. It started from a still water state with the water temperature and salinity fields initialized with combined NGOFS, NWGOFS/NEGOFS outputs. The model was configured in 20 sigma layers. It used the FVCOM wetting and drying feature, the quadratic bottom friction scheme, and the two-equation model of the Mellor-Yamada Level 2.5 turbulence closure scheme. The internal model time step was 9 s and the external to internal time step split ratio was equal to 3.
Please note that every CO-OPS station possesses dual station IDs-one in the CO-OPS naming convention and one in the NDBC naming convention. To be clear, the stations are hereafter referred to only by their NDBC IDs. Tables 3 and A2 show the station IDs, names, and geographical information for temperature and salinity, respectively. 
Results of Hindcast Simulations
Following an initial 6-day ramping up of both water level and velocity forcing on the open ocean boundary, the hindcast model run (Section 2) continued for another 9 days to ensure that an equilibrium state was reached. The time series of water levels, temperatures and salinity were recorded at 6-minute intervals from the 15th day to the end of the hindcast simulation. We then verified the model results by comparing the model time series outputs with the observed time series (Section 3). We calculated root-mean-square errors (RMSE) of water levels, sea-surface temperatures (SST), and salinity (SSS). To investigate the model performance on the subtidal water levels, total water level time series were low-pass filtered with a 30-day Fourier Transform low-pass filter. (Table A1 ). In general, RMSE is evenly distributed across the model domain, except for stations 8760721 and 8761955 along the lower Mississippi River. Comparing the modeldata water level time series in addition to the Mississippi River discharge measured at USGS station 07374000 (Baton Rouge, LA) ( Table 2) , it has been identified that the larger RMSE can be attributed to the water level setup from a large river discharge event which occurred between May and June of 2017. The river discharge during this period reached a magnitude as large as about 36,400 m 3 /s as compared with an average value of about one-third of that value during the remaining time of the hindcast period. Not including the two Mississippi River stations, the average total water level RMSE equals about 8.6 cm with a standard deviation (SD) of 1.8 cm, and the average subtidal RMSE equals about 7.4 cm with a SD of 1.7 cm. (Table A1 ). In general, RMSE is evenly distributed across the model domain, except for stations 8760721 and 8761955 along the lower Mississippi River. Comparing the model-data water level time series in addition to the Mississippi River discharge measured at USGS station 07374000 (Baton Rouge, LA) ( Table 2) , it has been identified that the larger RMSE can be attributed to the water level setup from a large river discharge event which occurred between May and June of 2017. The river discharge during this period reached a magnitude as large as about 36,400 m 3 /s as compared with an average value of about one-third of that value during the remaining time of the hindcast period. Not including the two Mississippi River stations, the average total water level RMSE equals about 8.6 cm with a standard deviation (SD) of 1.8 cm, and the average subtidal RMSE equals about 7.4 cm with a SD of 1.7 cm. The monthly mean RMSE and absolute values of the model-data differences (|bias|) of the modeled total water levels at each station were averaged over the 53 stations out of the total 55 stations (Table A1 ). The two Mississippi River stations, 8760721 and 8761955, were deemed to be outliers, and hence, were excluded. Figure 10a ,b shows the RMSE and |bias|, respectively. The RMSE ranges between 0.06 cm and 0.11 cm and the |bias| ranged between 0.01 m and 0.06 m. Nether of the two properties exhibited significant seasonal variability. The monthly mean RMSE and absolute values of the model-data differences (|bias|) of the modeled total water levels at each station were averaged over the 53 stations out of the total 55 stations (Table A1 ). The two Mississippi River stations, 8760721 and 8761955, were deemed to be outliers, and hence, were excluded. Figure 10a ,b shows the RMSE and |bias|, respectively. The RMSE ranges between 0.06 cm and 0.11 cm and the |bias| ranged between 0.01 m and 0.06 m. Nether of the two properties exhibited significant seasonal variability. Figure 9 . The RMSE of the model (a) total water levels and (b) subtidal water levels at 55 CO-OPS stations (Section 4.1).
Water Level
The monthly mean RMSE and absolute values of the model-data differences (|bias|) of the modeled total water levels at each station were averaged over the 53 stations out of the total 55 stations (Table A1 ). The two Mississippi River stations, 8760721 and 8761955, were deemed to be outliers, and hence, were excluded. Figure 10a ,b shows the RMSE and |bias|, respectively. The RMSE ranges between 0.06 cm and 0.11 cm and the |bias| ranged between 0.01 m and 0.06 m. Nether of the two properties exhibited significant seasonal variability. Figure 10 . Monthly means of (a) the root-mean-square errors (RMSE) and (b) absolute model-data differences (|bias|) of the hindcast total water level. Figure 11 illustrates the pattern match between the model results and the observations in a Taylor Diagram [36] . In general, a Taylor Diagram provides a graphical framework that allows a suite of modeled variables to be compared with observed data. The model-data correlation coefficient (COR) and the standard deviation (SD) of both the modeled and observed data from each station were calculated using the time series data described in the above. The magnitude of both the SD and the RMSE vary across the range of stations. To eliminate the factor of station variability, the normalized SD (nSD) and the normalized RMSE (nRMSE) were calculated by dividing the model SD and RMSE by the SD of the observed data. The nRMSE measures the ratio of the model RMSE to the SD of the observed data. When shown in the Taylor Diagram, modeled patterns that agree well with observations will lie nearest to the line of nSD equal to 1 [37] . Figure 11 illustrates the pattern match between the model results and the observations in a Taylor Diagram [36] . In general, a Taylor Diagram provides a graphical framework that allows a suite of modeled variables to be compared with observed data. The model-data correlation coefficient (COR) and the standard deviation (SD) of both the modeled and observed data from each station were calculated using the time series data described in the above. The magnitude of both the SD and the RMSE vary across the range of stations. To eliminate the factor of station variability, the normalized SD (nSD) and the normalized RMSE (nRMSE) were calculated by dividing the model SD and RMSE by the SD of the observed data. The nRMSE measures the ratio of the model RMSE to the SD of the observed data. When shown in the Taylor Diagram, modeled patterns that agree well with observations will lie nearest to the line of nSD equal to 1 [37] .
Shown in Figure 11 are the model-data COR, the nSD, and the nRMSE. The majority of data points lie close to the line of nSD equal to 1. This indicates that most of the stations demonstrate a rather favorable pattern match between the model results and the observations. The model results and observed data are highly correlated; the averaged COR equals to 0.91. With the exception of one outlier station (ID 8776139) with a COR equal to 0.49, the COR ranges from 0.76 to 0.94 with an average of 0.88; the nSD ranges between 0.79 and 1.07 with an average of 0.91; and the nRMSE ranges between 0.36 and 0.99 with an average equal to 0.45. Figure 12 illustrates the monthly model mean and observed mean SST at stations 42012, MCGA1, NWCL1, PILL1, MGPT2, and PMNT2, respectively. From top to bottom, the stations are located in the open coastal area southeast of Mobile Bay, Lake Pontchartrain, the lower Mississippi River, Figure 11 are the model-data COR, the nSD, and the nRMSE. The majority of data points lie close to the line of nSD equal to 1. This indicates that most of the stations demonstrate a rather favorable pattern match between the model results and the observations. The model results and observed data are highly correlated; the averaged COR equals to 0.91. With the exception of one outlier station (ID 8776139) with a COR equal to 0.49, the COR ranges from 0.76 to 0.94 with an average of 0.88; the nSD ranges between 0.79 and 1.07 with an average of 0.91; and the nRMSE ranges between 0.36 and 0.99 with an average equal to 0.45. Figure 12 illustrates the monthly model mean and observed mean SST at stations 42012, MCGA1, NWCL1, PILL1, MGPT2, and PMNT2, respectively. From top to bottom, the stations are located in the open coastal area southeast of Mobile Bay, Lake Pontchartrain, the lower Mississippi River, Galveston Bay, and the Texas coastal embayments. They were chosen to investigate model performance in both the offshore and in embayment areas. In the figure, the left panel illustrates monthly average SST of model (red bars) and observations (blue bars), as well as the standard deviation of each data set. The right panel illustrates the corresponding monthly averaged model bias in terms of model-data difference for each month.
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In general, the hindcast simulation successfully captured seasonal cycles in SST and demonstrated favorable agreement with observations. Both model and observed SST demonstrate significant seasonal variability, with SST ranging from about 9 • C in the winter season to about 32 • C in the summer season. The model bias ranges between −1.8 • C and 1.7 • C. In the summer season, the model over predicted SST, whereas in the winter season it over predicted SST at the open coastal station (42012) and at the lower Mississippi River station (PILL1) and underpredicted SST at the other embayment stations. Figure 13 displays the color-coded RMSE at 52 stations (Table A2 ). The RMSE ranges from 0.6 • C to around 2.1 • C. In general, the model demonstrates better skills, with RMSE less than 0.8 • C, in the offshore areas as opposed to nearshore embayments. Compared with the relatively deeper offshore areas, the embayments usually experience far more sophisticated ambient conditions, such as large river discharge and significant diurnal cycles in the surface forcing. Therefore, it is far more challenging to accurately reproduce the SST field in coastal embayments than in offshore areas. Figure 14a ,b shows the RMSE and the absolute average of the model-data differences, respectively. The RMSE ranged between 0.7 • C and 1.5 • C, and the bias ranged between −0.3 • C and 0.2 • C. The maximum RMSE appeared between December 2016 and January 2017. This indicates that the model was least satisfactory in reproducing the winter season SST. In general, the bias was positive between August and December, 2016 and negative between January and July, 2017. The SST was slightly overpredicted during the former period and underpredicted during the latter. Figure 15 shows the Taylor Diagram to illustrate the model-data COR, the normalized standard deviation (nSD), and the normalized RMSE (nRMSE). The three parameters were calculated using the same method as described for water levels in Section 4. In general, the hindcast simulation successfully captured seasonal cycles in SST and demonstrated favorable agreement with observations. Both model and observed SST demonstrate significant seasonal variability, with SST ranging from about 9 °C in the winter season to about 32 °C in the summer season. The model bias ranges between -1.8 °C and 1.7 °C. In the summer season, the model over predicted SST, whereas in the winter season it over predicted SST at the open coastal station (42012) and at the lower Mississippi River station (PILL1) and underpredicted SST at the other embayment stations. Figure 13 displays the color-coded RMSE at 52 stations (Table A2 ). The RMSE ranges from 0.6 °C to around 2.1 °C. In general, the model demonstrates better skills, with RMSE less than 0.8 °C, in the offshore areas as opposed to nearshore embayments. Compared with the relatively deeper offshore areas, the embayments usually experience far more sophisticated ambient conditions, such as large river discharge and significant diurnal cycles in the surface forcing. Therefore, it is far more challenging to accurately reproduce the SST field in coastal embayments than in offshore areas. (Table A2) . Figure 14a ,b shows the RMSE and the absolute average of the model-data differences, respectively. The RMSE ranged between 0.7 °C and 1.5 °C, and the bias ranged between -0.3 °C and 0.2 °C. The maximum RMSE appeared between December 2016 and January 2017. This indicates that the model was least satisfactory in reproducing the winter season SST. In general, the bias was positive between August and December, 2016 and negative between January and July, 2017. The SST was slightly overpredicted during the former period and underpredicted during the latter. (Table A2) . Figure 14a ,b shows the RMSE and the absolute average of the model-data differences, respectively. The RMSE ranged between 0.7 °C and 1.5 °C, and the bias ranged between -0.3 °C and 0.2 °C. The maximum RMSE appeared between December 2016 and January 2017. This indicates that the model was least satisfactory in reproducing the winter season SST. In general, the bias was positive between August and December, 2016 and negative between January and July, 2017. The SST was slightly overpredicted during the former period and underpredicted during the latter. Figure 15 shows the Taylor Diagram to illustrate the model-data COR, the normalized standard deviation (nSD), and the normalized RMSE (nRMSE). The three parameters were calculated using the same method as described for water levels in Section 4. 
Sea-Surface Salinity (SSS)
During the hindcast period, salinity observations were available at seven stations (Table 3 ). All seven stations are situated either inside or close to Mobile Bay that represents a rather small area of the entire INGOFS domain. Station 42067 is situated offshore, southwest of the MB. Stations BSCA1, CRTA1, DPHA1, and KATA1 are located in the lower MB, while stations MBLA1 and MHPA1 are located in the mid-and upper MB, respectively.
The malfunction of salinity sensors by bio-fouling is very common in coastal areas of the northern gulf of Mexico [18] . Many observed data were easily deemed to be false measurements due to the malfunction of salinity sensors. Figure 16a 
The malfunction of salinity sensors by bio-fouling is very common in coastal areas of the northern gulf of Mexico [18] . Many observed data were easily deemed to be false measurements due to the malfunction of salinity sensors. Figure 16a ,b showed the SSS time series at stations CRTA1 and DPHA1, respectively. To point out a few problematic data points, SSS exhibited a nearly 10 psu change within a one-hour period in 14 March 2017 or a nearly 20 psu daily change in 10 April 2017.
Considering the geographical limitation of the station locations and the data quality of observations, it is noted that the hereafter presented model-data comparison results were far from being representative from the perspective of obtaining an objective assessment of the model skill assessment for the entire domain. located in the mid-and upper MB, respectively.
The malfunction of salinity sensors by bio-fouling is very common in coastal areas of the northern gulf of Mexico [18] . Many observed data were easily deemed to be false measurements due to the malfunction of salinity sensors. Figure 16a, Considering the geographical limitation of the station locations and the data quality of observations, it is noted that the hereafter presented model-data comparison results were far from being representative from the perspective of obtaining an objective assessment of the model skill assessment for the entire domain. Figure 17 illustrates the comparison of monthly mean SSS between the modeled and observed SSS at the seven stations. The inset of Figure 1 It is noted that the initial salinity condition of the hindcast runs was populated with the combined NGOFS and NWGOFS/NEGOFS outputs (Section 1). In addition, we tested running hindcast simulations using the initial conditions populated with the G-RTOFS salinity field. The G-RTOFS domain did not cover small coastal embayments such as Mobile Bay, etc. Hence, the INGOFS salinity field in the area was extrapolated from nearby G-RTOFS offshore model grid points outside of the embayments. This naturally caused the INGOFS initial salinity fields in the embayments to be much more saline than observations and may produce a large model-data discrepancy.
We compared the modeled time series from the two different initial conditions with observations at six stations (Table 3) . Figure 18a-d shows the surface-salinity fields at the upper bay station MHPA1, at mid-bay stations MBLA1 and BSCA1, and at the offshore station 42067. They represent the upper, mid-bay, lower, and offshore stations, respectively. It was found that the impact of initial conditions may persist as long as two and a half months (until mid-October 2016) in the upper and lower bay region, nearly three months (until the beginning of November 2016) at the upper-bay station, and about one and a half months at the offshore station. After the initial one to two months, the two salinity time series gradually converge, and the impact of the initial condition difference becomes insignificant. It is noted that the initial salinity condition of the hindcast runs was populated bined NGOFS and NWGOFS/NEGOFS outputs (Section 1). In addition, we teste conditions may persist as long as two and a half months (until mid-October 2016) in the upper and lower bay region, nearly three months (until the beginning of November 2016) at the upper-bay station, and about one and a half months at the offshore station. After the initial one to two months, the two salinity time series gradually converge, and the impact of the initial condition difference becomes insignificant. 
Discussion
Comparison of Model Skills with Other OFS
This section compares the model performance of water levels (WL) and sea-surface temperatures (SST) between the INGOFS and the NGOFS/NWGOFS/NEGOFS (hereafter referred to as NGOFS for simplicity of description). Figure 19a shows the comparison of the water level RMSE in a scatter plot, while Figure 19b shows the map of the RMSE differences between INGOFS and NGOFS at 28 stations. Similarly, Figure 20a ,b shows the SST comparison between INGOFS and NGOFS at 26 stations. The RMSE of INGOFS was calculated based on the hindcast results described in Section 4. The RMSE of NGOFS was taken from previous publications on the NGOFS development and model skill [18, 19] . It was calculated based on hindcast simulations from different time periods from those of the INGOFS; however, since the results were objective and representative of NGOFS model skill, it is valid to compare the two RMSE data sets. Interested readers are recommended to reference the above publications for technical details. To conduct the comparison, we identified the stations used in both the INGOFS and NGOFS skill evaluations and compared the RMSE between INGOFS and NGOFS. There are no salinity stations shared between INGOFS and NGOFS and hence, comparison of salinity is omitted in the present discussion.
INGOFS demonstrates slightly better model skill than does NGOFS for both water levels and sea-surface temperatures (Figures 19 and 20) . For water levels, INGOFS exhibits slightly smaller RMSE than NGOFS. The INGOFS RMSE ranges between 7.0 cm and 11.0 cm, whereas the NGOFS RMSE ranges between 7.4 cm and 13.1 cm. The RMSE difference between INGOFS and NGOFS ranges from -3.9 cm to 2.3 cm, and the average of the differences over all 28 stations is about -0.6 cm. For SST, the RMSE of INGOFS ranges between 0.5 °C and 1.7 °C, while the RMSE of NGOFS ranges between 0.5 °C and 2.2 °C. The RMSE difference between the two ranges from -0.5 °C to 1.3 °C, and the average of the differences over all 26 stations is 0.4 °C. 
Discussion
Comparison of Model Skills with Other OFS
This section compares the model performance of water levels (WL) and sea-surface temperatures (SST) between the INGOFS and the NGOFS/NWGOFS/NEGOFS (hereafter referred to as NGOFS for simplicity of description). Figure 19a shows the comparison of the water level RMSE in a scatter plot, while Figure 19b shows the map of the RMSE differences between INGOFS and NGOFS at 28 stations. Similarly, Figure 20a ,b shows the SST comparison between INGOFS and NGOFS at 26 stations. The RMSE of INGOFS was calculated based on the hindcast results described in Section 4. The RMSE of NGOFS was taken from previous publications on the NGOFS development and model skill [18, 19] . It was calculated based on hindcast simulations from different time periods from those of the INGOFS; however, since the results were objective and representative of NGOFS model skill, it is valid to compare the two RMSE data sets. Interested readers are recommended to reference the above publications for technical details. To conduct the comparison, we identified the stations used in both the INGOFS and NGOFS skill evaluations and compared the RMSE between INGOFS and NGOFS. There are no salinity stations shared between INGOFS and NGOFS and hence, comparison of salinity is omitted in the present discussion. 
Limitation of the RMSE Analysis
The RMSE has its limitation as a statistical parameter in terms of objectively representing the model errors. It is based on averaged squared differences and hence tends to be insensitive to lower magnitude events and biased towards higher magnitude events [38] [39] [40] . However, the present discussions of the INGOFS performance (Section 4) are focused on using the RMSE. Hence, the model skill results are not entirely comprehensive. Statistical indices to differentiate low, medium, and high data values may assess the model performance more effectively [38] [39] [40] . This method will be applied in future assessments of the INGOFS performance and is expected to give a more comprehensive and objective depiction of the model skill.
In the following, we show results from a preliminary investigation on the distribution of the RMSE values. We calculate occurrence frequency (F) and cumulative frequency (CF) of various RMSE values over the entire time series (Section 4). To estimate F and CF, the absolute value of each point in the model-data difference time series was calculated for all stations (Tables A.1 and A.2). We then blended the data points into one data set and sorted the data into multiple bins according to their magnitudes and estimated the frequency and cumulative frequency of the data occurrence in each bin. The RMSE of the data points in each bin was then estimated. Figure 21a ,b displays F and CF of the RMSE for water level and SST, respectively. In each plot, the abscissa corresponds to the central value of each RMSE bin, whereas the bar charts (blue) and the curve (orange) represent F and CF, respectively. The bin width is 0.02 m for water levels and 0.1 °C for the SST. Both water levels and INGOFS demonstrates slightly better model skill than does NGOFS for both water levels and sea-surface temperatures (Figures 19 and 20) . For water levels, INGOFS exhibits slightly smaller RMSE than NGOFS. The INGOFS RMSE ranges between 7.0 cm and 11.0 cm, whereas the NGOFS RMSE ranges between 7.4 cm and 13.1 cm. The RMSE difference between INGOFS and NGOFS ranges from −3.9 cm to 2.3 cm, and the average of the differences over all 28 stations is about −0.6 cm. For SST, the RMSE of INGOFS ranges between 0.5 • C and 1.7 • C, while the RMSE of NGOFS ranges between 0.5 • C and 2.2 • C. The RMSE difference between the two ranges from −0.5 • C to 1.3 • C, and the average of the differences over all 26 stations is 0.4 • C.
In the following, we show results from a preliminary investigation on the distribution of the RMSE values. We calculate occurrence frequency (F) and cumulative frequency (CF) of various RMSE values over the entire time series (Section 4). To estimate F and CF, the absolute value of each point in the model-data difference time series was calculated for all stations (Tables A1 and A2) . We then blended the data points into one data set and sorted the data into multiple bins according to their magnitudes and estimated the frequency and cumulative frequency of the data occurrence in each bin. The RMSE of the data points in each bin was then estimated. Figure 21a ,b displays F and CF of the RMSE for water level and SST, respectively. In each plot, the abscissa corresponds to the central value of each RMSE bin, whereas the bar charts (blue) and the curve (orange) represent F and CF, respectively. The bin width is 0.02 m for water levels and 0.1 • C for the SST. Both water levels and SST demonstrate similar characteristics for F and CF. Both F and CF decrease drastically in a monotonic manner with the increasing RMSE. This indicates that greater model RMSEs account for a much smaller portion of the total occurrence than the smaller values. For water levels, the RMSE values less than 0.15 m accounts for over 80% of the total occurrence. For SST, the RMSE values less than 2 • C accounts for about 90% of the total occurrence. SST demonstrate similar characteristics for F and CF. Both F and CF decrease drastically in a monotonic manner with the increasing RMSE. This indicates that greater model RMSEs account for a much smaller portion of the total occurrence than the smaller values. For water levels, the RMSE values less than 0.15 m accounts for over 80% of the total occurrence. For SST, the RMSE values less than 2 °C accounts for about 90% of the total occurrence. 
Summary and Conclusions
NOAA's National Ocean Service (NOS) is upgrading the northern Gulf of Mexico (GOM) operational nowcast/forecast system (NGOFS) by integrating the three existing operational systems, NGOFS, NEGOFS, and NWGOFS, into a single system. The new system will have extended domain coverage to encompass the lower Mississippi River, Lake Pontchartrain, Texas coastal embayments, and the coast of Mexico. It is aimed to produce real-time nowcasts and short-range forecast guidance for water levels, 3-dimensional currents, water temperatures, and salinity over the continental shelf in the northern Gulf region, the adjacent coastal estuaries, and the lower Mississippi River. Upon completion, the system will support marine navigation, emergency response, environmental management, and harmful algal bloom (HAB) forecasts. This paper described the hydrodynamic model development, configuration and verification of a one-year hindcast simulation (August 2016-July 2017).
The upgraded NGOFS will be implemented using the Finite Volume Community Ocean Model (FVCOM). The system domain includes the northern GOM continental shelf from north of Cabo Rojo, Mexico in the southwest all the way to Panama City, FL in the northeast. The model grid is composed of about 300,000 nodes, 600,000 elements, and has a spatial resolution ranging from 45 m near the coast to around 10 km on the open ocean boundary.
The hindcast forcing data included atmospheric forecast guidance from the NOAA/NWS North American Mesoscale (NAM) numerical weather prediction modeling system, river discharge observations from U.S. Geological Survey gauges, and open ocean boundary conditions derived from the NWS Global Real-Time Operational Forecast System (G-RTOFS) and the ADCIRC EC2015 tidal database. The hindcast performance of water levels, temperatures, and salinity were verified by 
The hindcast forcing data included atmospheric forecast guidance from the NOAA/NWS North American Mesoscale (NAM) numerical weather prediction modeling system, river discharge observations from U.S. Geological Survey gauges, and open ocean boundary conditions derived from the NWS Global Real-Time Operational Forecast System (G-RTOFS) and the ADCIRC EC2015 tidal database. The hindcast performance of water levels, temperatures, and salinity were verified by comparing the modeled and observed time series. The RMSE was 7.4 cm for water level, 1.1 • C for water surface temperatures, and 3.7 psu for surface salinity. The relatively large RMSE for salinity was partially attributed to quality issues of the observational data due to the sensor malfunction. In addition, the model-data comparison for salinity was limited to seven stations in Mobile Bay and adjacent waters. Hence the results were far less satisfactory to represent the model skill throughout the entire system domain.
For next steps, the development team will conduct systematic skill assessment on the hindcast results of water level, currents, temperatures and salinity using the standard NOS skill assessment software [21] . Leading up to the completion of the model development, the upgraded NGOFS will be further tested in a nowcast/forecast environment for about a one-year period. It is anticipated to be in operational production on NWS's NCEP Weather and Climate Operational Supercomputing System (WCOSS) in mid-2020.
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